Objective: This paper reviews the histochemistry of the extracellular matrix of human articular cartilage. No systematic review of histochemical knowledge and techniques in the study of articular cartilage has been published previously.
Introduction
Human articular cartilage is the site of osteoarthritis (OA), the most common joint disease and a cause of pain and disability in a very large number of people.
As cartilage research expands, so does the need for standardization of techniques. It is essential that laboratories across the world are able to compare results. Histological grading systems 1, 2 for OA for example, depend in part upon the stoichiometric staining characteristics of proteoglycan stains for the grading of the severity of the osteoarthritic lesion.
Tissue sampling, fixation, staining and assessment are cornerstones of histochemistry and plenty of histological and histochemical textbooks are available, encompassing almost any known technique in use [3] [4] [5] [6] . However, no account or review of histochemical knowledge and technique in the particular study of the extracellular matrix articular of cartilage has been published.
Articular cartilage
Articular cartilage comprises only one cell type, i.e. the chondrocyte. The chondrocyte is embedded in an avascular matrix composed of water (70% wet w/w) 7 , proteoglycans 8 , collagens (50-90% dry w/w) 9 and noncollagenous proteins 10 . The non-collagenous proteins can be subdivided into proteins present only in articular cartilage 11 , and proteins present in other tissues as well. However, the non-collagenous proteins are too minor constituents to be differentially detected by available histochemical methods, and are best visualized by more specific methods such as immunohistochemistry. Many of these proteins help to determine the configuration of collagens and glycosaminoglycans. This may influence the staining pattern of these components, but this has not been studied. Leaching of the small structural and non-structural proteins during tissue processing has not been studied, and the significance of this with regards to histochemistry is unknown.
Sampling, preparation and handling of tissue
Adequate fixation and staining of tissue samples require reliable and standardized sampling methods. Factors such as the source individual, joint type, topography of sampling site within a joint, depth of sampling and the presence of joint (cartilage) disease should be considered and standardized 12 . Ideally, though not practically feasible, a normal as well as an osteoarthritic cartilage section could be included as control samples in every staining and fixation run. The included sections should be known with regards to staining pattern.
All the steps in tissue processing should be standardized to avoid variation, within the laboratory as well as between laboratories.
Fixation and fixatives

AIMS OF FIXATION
Fixation means 'to make stable and stationary' and hence implies that this process (1) prevents tissue autolysis and bacterial attack; (2) prevents the tissue from rearrangement and changing morphological appearance during subsequent processing; (3) prevents loss of tissue components due to 'washing out'; (4) does not produce artefacts, (5) allows for clear and good staining of tissue 13 . Different tissue components are retained in the tissue to differing degrees by various fixatives and that retention, although a prerequisite for staining, is not in itself enough, preservation of the tissue component is also important.
TYPES OF FIXATION
Fixatives may conveniently be classified as (1) crosslinking (aldehydes i.e. formaldehyde and glutaraldehyde), (2) protein-denaturing, coagulating agents (i.e. methanol, ethanol and acetone), (3) oxidizing agents (i.e. osmium tetroxide and potassium permanganate), (4) other crosslinking agents (i.e. carbodiimides), (5) physical (i.e., heat and microwaves) and (6) miscellaneous chemical reagents.
Time of fixation, pH, temperature, osmolarity 14 , fixative penetration (diffusion) of tissue 15 as well as volume, buffering and freshness of liquid solutions should always be considered, since these factors are important for efficacy 16, 17 . The time interval between death of tissue (cessation of circulation) and proper fixation should clearly be kept at an absolute minimum (although rarely practically possible; preferably less than 6 h), although avascular by nature, articular cartilage does not undergo autolysis as quickly as most other vascular tissues.
Most aqueous fixatives are used at temperatures between 4°C and 40°C, the higher temperatures translating into shorter fixation times.
Fixative to tissue ratio and fixative to tissue penetration as a function of time, concentration, tissue block size and fixative volume may influence the fixative's overall ability to retain a certain tissue component. Penetration of fixative into tissue has been shown to depend upon a fixative specific constant and, interestingly, that alcohol is superior to both formaldehyde and glutaraldehyde 14, 18 . Except for two studies assessing proteoglycan depletion by fixation 19, 20 , none of the aforementioned variables has been thoroughly and objectively assessed with regard to human articular cartilage.
Aldehydes
The most widely used aldehydes are formaldehyde (in 4% aqueous solution termed formalin) and glutaraldehyde. Aldehydes form methylene crosslinks most readily between external lysine and cysteine residues on proteins 18 but also between any of the less reactive thiol, amine, guanidine, tyrosine or primary amide residues. This reaction occurs over a wide range of pH and temperatures 21, 22 . Both glutaraldehyde and formaldehyde cause general tissue distortion. Aldehydes are generally considered toxic.
Formalin
The literature is conflicting as to whether formalin alone is an adequate agent for proteoglycan fixation 23 , and it has been shown not to prevent glycosaminoglycans (GAG) and proteoglycan leaching from tissue 24 , a finding contrary to that of Kiviranta and co-workers (1984) 20 , who found that neutral buffered formalin was adequate for proteoglycan fixation, and that almost no proteoglycans or GAG were lost following fixation by neutral buffered formalin. Alcoholic formalin was found to improve fixation of GAG in demineralized cartilage 25 , but the cellular appearance was poorly preserved. Addition of Safranin O to the fixative solution may also prevent GAG loss, but this approach is impractical, since it may interfere with future use of the tissue, e.g. for immunohistochemistry 26 . For better aldehyde fixation of cartilage proteins, proteoglycan or GAG, a mixture of formalin and cetyl pyridinium chloride 27 , cetrimide 24 , cetyltrimethylammonium 28 could be used. Good results have also been obtained with a mixture of formalin and alcohol for GAG fixation 20, 29 . These combinations may work by precipitating carbohydrates and thus decrease diffusion of protein, proteoglycans and GAG from cartilage. A review of formalin fixation for immunohistochemistry can be found in the American Journal of Surgical Pathology, 2000 30 .
Glutaraldehyde
Glutaraldehyde-protein cross-linking is increased with temperature, pH and glutaraldehyde concentration 31 . The cross-links are rapidly formed and irreversible; proteins may suffer loss of up to 30% of -helix structure 13, 18 , and consequently the ultrastructure of collagen is not well preserved 32 . Glutaraldehyde fixation reduces the activity of most enzymes and may introduce Schiff-positive aldehyde groups 33 . Note that articular cartilage is normally PASnegative.
It has been shown that up to 40% of proteoglycans and GAG are lost from cartilage during aqueous fixation with glutaraldehyde 19 , which is deleterious both when assessing morphology and when assessing proteoglycan content by staining.
Protein-denaturing agents
Alcohol-containing fixatives have traditionally been used as fixative for proteoglycans, GAG and carbohydrates. It is believed that alcohols denature the protein component and precipitate the carbohydrate onto the protein meshwork thus formed 34 . Alcohols and acetone are generally very poor at retaining proteins, but conversely do not readily denature protein epitopes 35 , thus making these fixatives ideal for immunohistochemistry [36] [37] [38] but poor for cartilage GAG histochemistry, unless combined with alcohol. There has been no study of the morphological changes in articular cartilage following alchol fixation. Figure 1 shows the effects of different fixatives on the Safranin O staining intensity. It can be seen that the intensity of staining differs greatly. A section from the same block of tissue was stained in the same run. Acetone and methanol produces a weaker result than the ethanolformalin combination.
Oxidizing agents
Osmium tetroxide (OsO 4 ) is a well established fixative for lipids and for electron microscopy, but has been shown to alter the structure of proteins in a random fashion 39, 40 .
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Other cross-linking agents
Carbodiimides or diimidoesters, dimethylsuberimidate (DMS) in particular, have been shown to react with lysine residues and create intermolecular cross-links with proteins. Protein cross-linking increases with pH (optimum pH 9.5), concentration and fixation time 33 . Dimethylsuberimidate has not been assessed as a proteoglycan fixative.
Physical fixatives
Heat-induced protein denaturation is a well-established technique, and microwave irradiation provides a means for control of temperature. Microwave fixation is a rapid, nonchemical technique, and tissues are fixed throughout the block in a very short time. Proteins, proteoglycan and GAG are well preserved, and thus microwave irradiation appears not to induce profound tissue distortion.
According to Richards & Kaab 41 , microwave enhanced fixation of cartilage must, contrary to other tissues, be applied to blocks of tissue instead of thin (slide-mounted) sections. The optimum cartilage fixation temperature is approximately 45°C 41 . Temperatures below 45°C produce incomplete fixation, whereas temperatures above 60-70°C produce vacuolation and pyknotic nuclei during subsequent processing 42, 43 . Freeze drying, freeze substitution and snap freezing to −160°C in liquid nitrogen or to −20°C in a cryotome provides a means for gentle preservation of tissue, but is rarely used for other purposes than electron microscopy (freeze drying and substitution) or routine pathology (snap freezing).
Miscellaneous other fixatives
Mercury chloride, picric acid and a wide range of fixatives are not commonly used for cartilage histochemistry and will not be considered here. Table I summarizes the nature of the most widely used fixatives. For general staining almost all the mentioned fixatives produce adequate results.
COMMENTS ON FIXATION
The most widely used fixatives (aldehydes and alchohols) are adequate for routine staining of protein. Proteoglycan fixation is problematic and no one fixative 
Histochemical staining
Histological stains and dyestuffs may be classified according to the chemistry of the dye, by the trivial name of the dye or by the nature of the tissue component stained, the latter two of which will be employed here.
There is sometimes confusion as to the nomenclature of charged dyes; whether to use the term 'basic' or 'cationic' for a dye carrying positive charge. The term 'cationic' is the more appropriate as this encompasses all positively charged dyes regardless of its proton-accepting characteristics (which are of less importance than the charge), and this terminology will be applied here 44 . The same applies for 'acidic' or 'anionic' dyes.
Basic chemical aspects, such as staining time, pH, concentration, temperature and salt concentration must be considered, and solvent-solvent interactions (hydrophobic bonding), reagent-reagent interaction (i.e. metachromasia), and reagent-tissue interactions such as van der Waals (a.k.a. London) forces, coulombic (electrostatic) interactions, hydrogen bonding and covalent influence the staining pattern, both in solution and in the tissue. Dyes may also require a covalently linked mordant (often a metal ion) for dye-tissue component binding to occur.
Dye impurities such as salts or other dyes may result in uneven staining and non-reproducible results 45 , as will variations in the manufacturing process. Dyes may decompose after some time, and this may also influence staining.
Tissue components remain stained, either because the solvent and mounting media used are substances for which the stain has low affinity, or because the stain is slowly dissolved from the tissue. Some of the cationic dyes used to stain GAG have a higher solubility in alcohol than the anionic dyes. Table II shows the solubilities in water, alcohol and xylene of some of the most popular dyes.
When a tissue component does not stain as expected, it may be for several reasons; the dye may not have been able to reach the dye-binding site on the substrate (because of pH, dye concentration, dye particle size, diffusion rate) or simply because the tissue component is no longer present (it may have been lost in the fixation process).
Dye particle size contributes greatly to the dye's ability to diffuse into the tissue section. The passage into cartilage of large dyes such as Alcian blue and Sirius red may be hindered, when the protein-polypeptide network or collagen fibres are tightly worn, as may be the case when cartilage is fixed in alcohol or acetone. Network tightness can be altered by enzyme digestion with papain, chondroitinase or gelatinase. Specimen thickness and surface profile may cause variations in the staining pattern.
The question of selectivity is fundamental in histochemistry. All dyes are selective to some extent, staining only certain tissue components, e.g. Safranin O staining the GAG component, or Sirius Red staining the protein (collagen) component. Through regulation of staining conditions (e.g. pH, salt concentration, rate of staining/ diffusion), selectivity may be more or less controlled, forming systems that could allow identification of specific tissue components.
TYPES OF STAINING
Non-selective stains
As for most tissues, non-selective stains are very useful for quick and easy morphologic assessment. Of these, the Haematoxylin-Eosin stain [ Fig. 2(f) ] is one of the most widely used [46] [47] [48] [49] [50] .
Staining of glycosaminoglycan and proteoglycan
Safranin O. Safranin O [51] [52] [53] [54] and Safranin O/Fast green FCF/Haematoxylin 55 is probably the most widely used stain for cartilage GAG and proteoglycan [ Fig. 2(c),(d) ].
Rosenberg has found Safranin O staining without counterstain to be stoichiometric 56 . This study has formed the theoretical basis for the use of Safranin O as a marker for GAG depletion in cartilage diseases such as OA, for example in the Histologic-Histochemical Grading System 1 . It has been shown that the binding of Safranin O to cartilage GAG is only stoichiometric when the amount of GAG in the tissue is not too low. This is obviously not always the case in OA, and Safranin O may thus not be a sensitive indicator of GAG content in severely diseased cartilage 57 . There is no evidence to support that Safranin O retains its stoichiometric properties when combined with Fast Green FCF. On the contrary, competition between Safranin O and Fast Green has been reported 58 . Three studies have found Safranin O staining to correlate to the GAG content measured by fixed charge density S-labeled cartilage, using spectrophotometrical density analysis 59, 60 or scanning microdensitometry 25 respectively. In one of these studies 60 , an attempt to block staining in a fashion similar to the Critical Electrolyte Concentration was made. Anionic sulfate and carboxyl substrate groups were blocked, but this was not reproducible and reliable.
Inclusion of Safranin O in the fixative has been assessed for the simultaneous staining of cartilage GAG for light and electron microscopy, and the elctromicroscopic findings were found to be consistent with the light microscopy findings. The chemical basis for Safranin O as an electron dense dye is not known 61 . The reproducibilities of the different spectrophotometric or densitometric systems have not been compared, although one study has found the reproducibility of a histomorphometric system to be adequate 62 . Staining with Safranin O for example should be evaluated using a reproducible grading system encompassing only very few possible outcomes, and at best be regarded as supportive in a more complex evaluation system. The HistologicalHistochemical Grading System is an example of a system which is in the process of being modified according to these points. Toluidine blue. Toluidine blue 52, 63, 64 is structurally very similar to thionine, Methylene blue and azure A, the chemical and staining characteristics being very similar 65 . The stoichiometric staining characteristics of Toluidine blue in the detection of cartilage GAG have been compared to those of Safranin O, and found to be inferior 56, 66 . Staining with Toluidine blue can be suppressed with the addition of cations such as Alcian blue 67 , although a Critical Electrolyte Concentration technique has not been described.
The dye contains zinc, and the presence of this metal has been exploited by Shepard and Mitchell 68 to develop a fixative containing Toluidine blue, thus enabling the simultaneous localization of GAG in cartilage by light and electron microscopy.
Alcian blue 8GX. Alcian blue 8GS was introduced by
Steedman in 1950 69 , later modified to Alcian blue 8GX [ Fig.  2(e) ], the dye in current use [70] [71] [72] [73] . The sheer size of the dye reduces the rate of staining considerably 74 . In a model system (which contains fewer non-specific interactions and less steric hindrance than cartilage), it was concluded that Alcian blue staining only delivered information about the penetration of the dye 75 . Alcian blue is a tetravalent cationic dye 76 , staining anionic tissue components including RNA and DNA. The staining pattern varies with the salt (e.g. MgCl 2 ) concentration and pH of the dye solution, and may thus be predicted by the Donnan equilibrium 77 . Nucleic acid staining may be avoided, leaving only the highly acidic proteoglycans and GAG stained. Thus the pericellular cartilage would be expected to stain more readily than the intercellular, as is indeed the case.
Staining intensity of cartilage matrix increases with staining time up to 24 hours, but further increase in staining time does not increase intensity. The rate and intensity of staining increases slightly with temperature 78 . Staining is generally considered best at acidic pH (between 0.4 and 5.6), but some disagreement exists 79 . It has been reported that Alcian blue has an inherent tendency to aggregate in large particles on the cartilage surface and in areas with high permeability 79 . The mechanism of staining is not entirely clear, although electrostatic interactions clearly play a large role.
The Critical Electrolyte Concentration technique devised by Scott 80 supposedly allows for differentiation of the GAG according to charge density and nature of the tissue anion. It is argued that the displacement of a cationic dye by solute anions in varying concentrations is a measure of dye-substrate affinity, and that the concentration of salt needed to displace the dye varies accordingly. This theory requires that the staining reaction be taken to an equilibrium, and that the reaction is completely reversible, neither of which is always the case.
Despite the obvious theoretical relevance of this technique, it has been seriously questioned 81, 82 , and it has been shown that the aforementioned prerequisites are not entirely fulfilled 78 . This differentiation approach is thus recommended only as 'support' 83 . Similarly to the Critical Electrolyte Concentration technique, the pH of the staining solution (i.e. ionization of GAG) can be used to differentiate GAG 84 , but this is unreliable due to protein interaction on ionization. This method is consequently not reliable in cartilage proteoglycan histochemistry 85, 86 . Alcian blue staining generally shows variations with regard to staining intensity and location that cannot be totally accounted for 25, 60, 83 . According to Scott 89 , this has to do with the fact that the original Alcian blue has not been manufactured since 1973, and the Alcian blues now available are not of the same quality as the original (which is the dye he used for the Critical Electrolyte Concentration technique) and certainly not as good dyestuffs 87 . In our experience Alcian blue is indeed unreliable, and we have found it very troublesome in use.
Miscellaneous proteoglycan/GAG staining techniques. Ruthenium red has been successfully used by several authors to stain proteoglycans and GAG for electron microscopy, by dye inclusion in the fixative 88, 89 as well as a separate stain following normal fixation 90 , but the dye is not well suited to light microscopy.
Cupromeronic blue and Cuprolinic blue are similar to Alcian blue, but have mostly been used in electron microscopy. These dyes behave much like Alcian blue yet are smaller in size, and staining is carried out in a similar fashion 87 . Dimethylmethylene blue has been used to discriminate sulfated from non-sulfated GAG and it can be used to quantify GAG content 91, 92 . Periodic acid-Schiff reaction is traditionally used for carbohydrates and mucins, such as goblet cell mucins, but cartilage GAG is usually not considered positive for this reaction although methods have been described by which cartilage glycoproteins and GAG can be stained by PAS 93, 94 .
Staining of collagen
Sirius red F3BA. Sirius red F3BA (picrosirius red) is used for the selective detection of collagens, reticulum fibres and basement membranes in tissue sections [95] [96] [97] , and the stain varies between yellow and orange/red [ Fig. 2(a),(b) ]. The dye was first introduced as an improvement of the van Gieson picrofuchsin connective tissue stain by Sweat and co-workers 98 , and then again by Constantine and Mowry 99, 100 . The dye contains six sulfonic acid groups and is elongated (approx. 46 A r long), causing an increase in birefringence when bound parallel to basic proteins such as collagen and collagen-like structures 101 . These authors conclude that Sirius red is specific for collagen and the collagen-like component Clq of the complement system, and that staining is due to electrostatic interactions between amino residues in collagen and the sulfonic acid in Sirius red. James and co-workers 102 have found Sirius Red staining assessed by histophotometry and spectrophotometry to correlate well with the hydroxyproline content in liver and concluded that this enables quantification of collagen 102 . These findings are in striking contrast to the conclusion reached by three independent studies [103] [104] [105] , according to which staining is due to non-ionic forces (but is enhanced by electrostatic interaction) and is not stoichiometric.
The picric acid solutions with Sirius red stain at pH of approx. 1.5-2, which tends to significantly increase 'overdying' (more dye particles than binding sites available in the tissue), and hence dying is not stoichiometric, a prerequisite of quantification 58 . Staining and birefringence may be enhanced by prior removal of proteoglycans by digestion with papain 101 . A method has been developed that supposedly allows for differentiation of collagen types I, II and III by Sirius red staining; viewed under polarizing light [ Fig. 2(b) ], the collagen types appeared yellow, red/orange or green, respectively 106 , but no biochemical data to support these findings were provided.
Kiraly and co-workers 107 have recently developed a method for collagen quantification in the unstained cartilage section, using a computer aided analysis of an image created by a sensitive videocamera connected to the microscope. This was found to be more reproducible than the Sirius red-based staining method. In light of the above mentioned intrinsic problems with the Sirius red stain, Kiraly's method may come to be a useful technique for collagen measurements in the future, but the need for expensive equipment is a drawback. Table III summarizes the characteristics of some popular stain. Safranin O and Toluidine blue are the most reliable GAG and proteoglycan stains, at least when GAG depletion is not severe. Quantification using microspectrophotometry may in the future be refined to a level where it is reliable. However, it is problematic that some dyes are not stoichiometric at low substrate concentrations. Attempts to differentiate between different GAG have not proven reliable.
Collagen can be stained efficiently but not stoichiometrically with Sirius Red, although it is not possible to differentiate different collagen types.
Histochemistry may be suited for OA research, in that it contrasts normal and severe OA, but not any situation in between. Similarly, histochemistry may illustrate collagen arcades and collagen loss, but we have no way of knowing the extent of this loss.
TISSUE ASSESSMENT
An assessment system must be slack enough to be reproducible and valid, yet rigid enough to be scientifically adequate. For example, the Histological-Histochemical Grading System for osteoarthritic cartilage is neither reproducible 110 nor valid 110, 111 . This system is based on the grading of Safranin O stained sections. Even simple variables are difficult to assess in a reproducible manner 112 . For routine purposes a simple two grade assessment system of±staining may suffice. Similarly, a system based on absolute numerical evaluation is not reproducible for immunohistochemistry 113 . Obviously, when neither the grading system is reproducible, nor the stain stoichiometric this approach must fail. It is essential that a reproducible assessment system is set up, standardized, described in detail and thoroughly tested before any results are based upon it.
A 'gold standard' histological manual may be produced for the laboratory, providing pictures of all available stains and written assessment manuals. This can be consulted during evaluation sessions if in doubt.
Conclusion
During the past three decades, a number of studies on histochemical techniques have been published. Yet, there is still a need for standardization of cartilage histochemical techniques. Detailed studies of fixation and staining procedures should be carried out and standards for cartilage sampling, handling and assessment be agreed upon if results from different laboratories are to be compared. Authors should be encouraged to publish full accounts of their histochemical procedures so that comparisons between methods and results are possible.
There has been some work in the field of cartilage extracellular matrix histochemistry, but little consideration has been given to the fixative as well as to the dye.
Histochemistry is well suited for overview staining and as a measure of large scale variations in quantity of a given tissue component. 
